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Signaling inputs from multiple pathways are essential for the establishment of distinct cell and tissue
types in the embryo. Therefore, multiple signals must be integrated to activate gene expression and
confer cell fate, but little is known about how this occurs at the level of target gene promoters. During
early embryogenesis, Wnt and Nodal signals are required for formation of the Spemann organizer,
which is essential for germ layer patterning and axis formation. Signaling by both Wnt and Nodal
pathways is required for the expression of multiple organizer genes, suggesting that integration of
these signals is required for organizer formation. Here, we demonstrate transcriptional cooperation
between the Wnt and Nodal pathways in the activation of the organizer genes Goosecoid (Gsc), Cerberus
(Cer), and Chordin (Chd). Combined Wnt and Nodal signaling synergistically activates transcription of
these organizer genes. Effectors of both pathways occupy the Gsc, Cer and Chd promoters and effector
occupancy is enhanced with active Wnt and Nodal signaling. This suggests that, at organizer gene
promoters, a stable transcriptional complex containing effectors of both pathways forms in response to
combined Wnt and Nodal signaling. Consistent with this idea, the histone acetyltransferase p300 is
recruited to organizer promoters in a Wnt and Nodal effector-dependent manner. Taken together, these
results offer a mechanism for spatial and temporal restriction of organizer gene transcription by the
integration of two major signaling pathways, thus establishing the Spemann organizer domain.
& 2012 Elsevier Inc. All rights reserved.Introduction
Cells of the vertebrate embryo receive multiple signals that must
be integrated to activate developmental gene expression in a robust
and speciﬁc manner, but how this occurs is not well understood.
During Xenopus embryogenesis, Wnt and Nodal signals are required
for formation of the Spemann organizer, which is essential for germ
layer patterning and axis formation (reviewed in De Robertis et al.,
2000). Wnt and Nodal signaling inputs are essential for the expression
of several organizer genes, including Goosecoid (Gsc), Cerberus (Cer),
and Chordin (Chd) (Agius et al., 2000; Crease et al., 1998; Engleka and
Kessler, 2001; Heasman et al., 1994; Hoodless et al., 1999; Miller
et al., 1999; Osada andWright, 1999; Watanabe andWhitman, 1999;
Wylie et al., 1996; Yang et al., 2002), suggesting that integrated
signaling from these pathways promotes organizer gene transcrip-
tion. The presence of a Wnt-responsive Proximal Element (PE) and a
Nodal-responsive Distal Element (DE) within the Xenopus Gscll rights reserved.
.S. Kessler).
icine. Childrens Hospital ofpromoter suggests that Wnt and Nodal signals may be integrated at
the level of transcriptional control (Watabe et al., 1995). The close
proximity of the PE and the DE suggests that Wnt and Nodal effectors
could interact in activation of Gsc transcription (Watabe et al., 1995).
Consistent with this idea, the Cer promoter contains several home-
odomain binding sites that mediate a cooperative response to Wnt
and Nodal (Yamamoto et al., 2003). Therefore, while the transcription
of multiple organizer genes is dependent on both Wnt and Nodal
signals, how these signals are functionally integrated is unknown.
Maternal Wnt signals activate expression of two homeodo-
main proteins, Siamois (Sia) and Twin (Twn), transcriptional
activators that are essential for organizer gene expression and
axis formation (Bae et al., 2011; Brannon et al., 1997; Brannon
and Kimelman, 1996; Carnac et al., 1996; Crease et al., 1998;
Fan et al., 1998; Fan and Sokol, 1997; Ishibashi et al., 2008;
Kessler, 1997; Kodjabachian and Lemaire, 2001; Kodjabachian
and Lemaire, 2004; Laurent et al., 1997; Lemaire et al., 1995).
Morpholino knockdown of Sia and Twn together results in a loss
of organizer gene expression, including Gsc and Chd, and the
absence of dorsal structures (Bae et al., 2011). Overexpression of
Sia or Twn in ventral mesoderm induces expression of multiple
organizer genes, including Gsc, Cer, and Chd (Kessler, 1997;
C.D. Reid et al. / Developmental Biology 368 (2012) 231–241232Kodjabachian and Lemaire, 2001), and Sia and Twn directly
regulate transcription of Gsc (Bae et al., 2011; Laurent et al.,
1997). Nodal signals through maternal FoxH1 and Smad2/3 to
activate expression of mesodermal and organizer genes, including
Gsc, Cer, and Chd (Saka et al., 2007; Watanabe and Whitman,
1999). Knockdown of maternal FoxH1 results in a loss of organi-
zer gene expression (Kofron et al., 2004), while expression of a
dominant negative Smad2 reduces expression of Gsc, Chd and Cer
(Hoodless et al., 1999). FoxH1 directly binds the Gsc promoter
(Blythe et al., 2009), suggesting that Gsc is a direct target of Nodal
signaling. Active Nodal signaling is required for Sia/Twn mediated
expression of Cer and Chd (Crease et al., 1998; Engleka and
Kessler, 2001), suggesting that Sia/Twn may cooperate with Nodal
in the transcription of these genes. Taken together, these ﬁndings
suggest that the transcription of multiple organizer genes, includ-
ing Gsc, Cer, and Chd, is dependent on combined Wnt and Nodal
signaling inputs that are integrated at deﬁned promoter elements.
Here, we demonstrate that the Wnt effectors Sia/Twn and
Nodal effectors FoxH1 and Smad2/3 cooperate to synergistically
activate expression of Gsc, Cer and Chd. Sia/Twn, FoxH1 and
Smad2/3 occupy the Gsc, Cer and Chd promoters. Active signaling
from both pathways enhances occupancy of these effectors at
organizer promoters, suggesting that a transcriptional complex
forms at promoters when Wnt and Nodal are active. Sia/Twn or
Nodal enhances occupancy of the histone acetyltransferase p300
at organizer promoters, suggesting that recruitment of a common
coactivator contributes to organizer gene transcription. Taken
together, Wnt and Nodal pathway effectors form a transcriptional
complex that synergistically activates expression of multiple
organizer genes, providing a common mechanism for the robust
transcription of organizer genes in the gastrula.Fig. 1. Nodal and Wnt effectors synergistically activate the Gsc promoter. One-cell
stage embryos were injected with 50 pg of Sia, Twn or Xnr1 mRNAs, or a mixture
of Sia (50 pg) and Xnr1 (50 pg) or Twn (50 pg) and Xnr1 (50 pg). At the two-cell
stage plasmid encoding Gsc reporter (100 pg; diagramed at top) was injected with
CMV-Renilla Luciferase (10 pg). Animal explants prepared at the blastula stage
were assayed for luciferase activity at the midgastrula stage. Values shown are
normalized to Renilla luciferase activity, and represent fold activation of reporter
activity in the absence of injected mRNAs. The mean and standard error for three
independent experiments are presented. * Indicates p valueo0.05.Materials and methods
Embryo manipulation and microinjection
Xenopus laevis embryos were collected, fertilized, injected, and
cultured as previously described (Yao and Kessler, 2001). mRNA
templates were pCS2þSiamois (Kessler, 1997), pCS2þTwin (Bae
et al., 2011), pCS2þmyc-Twin (Bae et al., 2011), pCS2þmyc-
Siamois (Bae et al., 2011), pCS2þmyc-SiaQ191E (Bae et al., 2011;
Kessler, 1997), pCS2þmyc-FoxH1 (Fast1) (Yaklichkin et al., 2007),
and pCS2þXnr1 (Sampath et al., 1997). This work has been
approved by the University of Pennsylvania Institutional Animal
Care and Use Committee (IACUC). The University of Pennsylvania
is accredited by the American Association for Accreditation of
Laboratory Animal Care (AAALAC).
Antibody staining and in situ hybridization
For in situ hybridization or immunostaining of bisected embryos,
embryos were ﬁxed in MEMFA and bisected in a 30% sucrose/PBS
solution. Embryos were processed for in situ hybridization or
immunohistochemistry as previously described (Steiner et al.,
2006). Templates for in situ probes were pCS2þSia (Bae et al.,
2011), pCS2þTwn (Bae et al., 2011), pCS2þFoxH1 (Fast1)
(Yaklichkin et al., 2007), pCS2þGsc (Yao and Kessler, 2001),
pCS2þChd (Sasai et al., 1994), and pCS2þCer (Bouwmeester et al.,
1996). An afﬁnity-puriﬁed polyclonal antibody was used for Smad2/3
staining (Millipore cat 07–408).
Luciferase reporter assay
Luciferase assays were performed as previously described
(Kessler, 1997), using 100 pg of pGL3-Gsc(226)-Luciferase(Watabe et al., 1995) reporter and 10 pg of pGL3-CMV-Renilla as
an internal control (Kessler, 1997).
Reverse transcription—Polymerase chain reaction
For RT-PCR analysis, total RNA was isolated using TRIzol (Invitro-
gen), and cDNA synthesis was performed as described (Wilson and
Melton, 1994). The primers for Ef1a were previously described (Agius
et al., 2000). cDNAswere ampliﬁed using the following QPCR primers:
Gsc: F: 50-CCTCTGGAATAAGAATAAAGACTTGCAC-30 and R: 50-CTCTA-
TGTA CAGATCCCACATCGT-30; Cer: F: 50-CTGAACCACCTGACGCTAATT-
GT-30 and R: 50-CTGTGCAGTTTGGTGGAAGTTGCT-30; Chd: F: 50-CAGC-
TGCAAAAACATCAAACA-30 and R: 50-CAAGTCTTGCAGCAATGTCC-30.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as
described (Blythe et al., 2009). Polyclonal anti-myc antibody
(Millipore cat 06–549) or anti-Smad2/3 (Millipore cat 07–408)
was used for immunoprecipitation. Rabbit IGG (Calbiochem cat
#NI01) was used as a control for IP of Smad2/3. QPCR was
performed using primers for Gsc, Ef1a or Xmlc2 as previously
described (Blythe et al., 2009). Promoter sequence was ampliﬁed
using the following QPCR primers: Cer promoter: F: 50-GGAACAG-
CAAGTCGCTCAGAAACA-30 and R: 50-CTCCATCATTCACAAGGCAG-
ACGA-30; Chd promoter: F: 50-GCTGAGTCAGGATGCTGT TTCTGAGT-30
and R: 50-TGCCCAAGGAAAGTGTCTCTTAACCG-30.Results
Wnt and Nodal synergistically activate organizer gene expression
The Gsc promoter contains a Wnt responsive PE and a Nodal
responsive DE, and these adjacent response elements are conserved
in all vertebrate Gsc promoters (Bae et al., 2011; Watabe et al., 1995).
The presence of this pair of conserved response elements in all Gsc
promoters suggests that Nodal and Wnt pathway effectors may
C.D. Reid et al. / Developmental Biology 368 (2012) 231–241 233cooperate in the regulation of Gsc transcription. To assess the
interaction of Nodal and the Wnt effectors Sia/Twn in Gsc regulation,
we performed luciferase assays in Xenopus animal explants using a
Gsc reporter, which contains the DE, PE andminimal promoter (226
to þ1) driving luciferase (Watabe et al., 1995) (Fig. 1). Expression of
Xnr1 (Xenopus Nodal-related-1), Sia, or Twn activated expression of
the Gsc reporter (6.4-fold, 5.3-fold and 4.7-fold, respectively) (Fig. 1)
(Fan and Sokol, 1997; Kessler, 1997; Laurent et al., 1997; Watabe
et al., 1995). Coexpression of Sia and Xnr1 or Twn and Xnr1 resulted
in a synergistic activation of transcription (48.8-fold for SiaþXnr1,
36.3-fold for TwnþXnr1) (Fig. 1). In this case, we have deﬁned
synergy as the response to the combined inputs is greater than the
sum of the individual inputs; we ﬁnd that 48.8-fold or 36.3-fold
activation of this reporter is greater than SiaþXnr1 (6.4þ5.3) or
TwnþXnr1 (6.4þ4.7). We also ﬁnd that this synergy is greater than
that observed when twice the amount (100 pg) of Sia, Twn, or Xnr1 is
expressed (8–10-fold) with the reporter (data not shown and (Bae
et al., 2011). We note that several doses of Sia, Twn and Xnr1 mRNAFig. 2. Nodal and Wnt effectors synergistically activate organizer gene transcription. An
explants in response to injection of (A) ,(C), (E) 50 pg Sia, 50 pg Xnr1, or 50 pg Sia and
Animal explants were analyzed by quantitative RT-PCR at the gastrula stage for the exp
explants and WE represents intact embryos. * Indicates po0.05 as compared to the
experiments is presented. Identical reactions without reverse transcriptase served as nwere tested for synergistic activation of the Gsc reporter. Synergy was
most strongly observed at the doses presented here (50 pg Sia or Twn
mRNA plus 50 pg Xnr1 mRNA), but cooperative activation of the Gsc
reporter was also observed at lower doses (10–25 pg) of Sia or Twn
and Xnr1 mRNA (data not shown). The synergy observed suggests
that the interaction of Sia/Twn and Nodal pathway effectors strongly
enhances Gsc transcription.
The cooperation between the Wnt effectors Sia/Twn and Nodal
signals in the expression of a Gsc reporter suggested that
endogenous organizer genes may be cooperatively activated by
the Wnt and Nodal pathway signals. To determine whether Wnt
and Nodal synergistically activate expression of organizer genes,
we performed quantitative reverse transcriptase PCR (QRT-PCR)
for Gsc, Cer and Chd transcript in animal explants. Expression of
Sia, Twn or Xnr1 alone induced expression of Gsc, Cer and Chd
transcripts (7–21.7-fold for Sia, 3–18.5-fold for Twn and 30–638-
fold for Xnr1) (Fig. 2A–F). Co-expression of Sia and Xnr1 or Twn
and Xnr1 resulted in a synergistic increase in Gsc, Cer and Chdalysis of Gsc (A), (B), Cer (C), (D) or Chd (E), (F) transcript expression in animal cap
50 pg Xnr1 or (B), (D), (F) 50 pg Twn, 50 pg Xnr1, or 50 pg Twn and 50 pg Xnr1.
ression of Gsc, Chd or Cer normalized to Ef1a. Control represents uninjected animal
Sia, Twn and Xnr1 conditions. The mean and standard error for six independent
egative control (data not shown).
Fig. 3. Wnt pathway effectors occupy organizer gene promoters. Genomic regions
recovered by chromatin immunoprecipitation (ChIP) from embryos injected with
50 pg myc-Sia, 50 pg myc-Twn or 50 pg of a DNA-binding inactive Sia (myc-
SiaQ191E) were evaluated by quantitative PCR (QPCR) for the (A) Gsc, (B) Cer,
or (C) Chd promoters. Immunoprecipitation using anti-myc antibody was per-
formed on uninjected embryos (Control). The mean fold enrichment (normalized
to uninjected samples) and standard error for ﬁve independent experiments is
presented. The white bars represent QPCR for genomic Xmlc2 as a control.
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115-fold for Chd) (Fig. 2). These data demonstrate a cooperative
interaction between Sia/Twn and Nodal in activating transcription
of organizer genes.
Expression patterns of Wnt and Nodal effectors support a
cooperative interaction of these effectors in endogenous organizer
gene expression (Blumberg et al., 1991; Bouwmeester et al., 1996;
Chen et al., 1996; Germain et al., 2000; Saka et al., 2007; Sasai
et al., 1994; Schohl and Fagotto, 2002). As previously reported,
Nodal signaling is broadly active within the mesodermal and
endodermal germ layers at the blastula stage. To conﬁrm this, we
examined the expression of the Nodal effectors Smad2/3 and
FoxH1 by immunohistochemistry or in situ hybridization of
bisected blastula and gastrula stage embryos. Total Smad2/3
protein is present throughout the embryo, and is distributed
in distinct nuclear puncta in the larger vegetal cells of blastula
and gastrula embryos (Fig. S1A–C). As Smad2/3 is thought to
signal only when localized to the nucleus, this Smad2/3 localiza-
tion is consistent with active Nodal signaling in the vegetal half of
the blastula and gastrula embryo, when organizer gene expres-
sion is activated (Saka et al., 2007; Schohl and Fagotto, 2002;
Skirkanich et al., 2011). Smad2/3 protein is also observed
in the ectodermal and mesodermal cells of the early embryo
(Fig. S1A–C). For these smaller cells, it is unclear whether the
distribution is nuclear, cytoplasmic or both. Transcripts of FoxH1
are ubiquitously distributed at the blastula and gastrula stages
(Fig. S1D–F), and are observed in the marginal zone of the
embryo, where the organizer will form. The Wnt effectors Sia
and Twn are expressed in the dorsal marginal zone prior to
gastrulation (Fig. S1G,H), and at the dorsal blastopore lip at the
early gastrula stage (Fig. S1I,J). Gsc, Cer and Chd are expressed at
the dorsal blastopore lip and expression extends to the blastocoel
ﬂoor in the deep marginal zone (Fig. S1K–P). Therefore, Wnt and
Nodal effector distribution overlaps in a region that corresponds
to the domain of organizer gene expression.
Wnt and Nodal pathway effectors occupy organizer promoters
The apparent cooperation between Wnt and Nodal pathways
in organizer gene expression suggests that pathway effectors
directly bind these promoters to activate transcription. For Gsc,
well deﬁned Wnt and Nodal response elements are present
within the promoter, with only 43 bp of separation. We predict
that Wnt and Nodal pathway effectors will occupy their respec-
tive response elements at the Gsc promoter in the early gastrula,
allowing for possible physical and functional interactions. To
determine whether Sia, Twn and Nodal pathway effectors directly
regulate Gsc, whole embryo chromatin immunoprecipitation
(ChIP) was performed in the early gastrula. Myc-Sia or myc-Twn
expressing embryos were collected and ﬁxed at early gastrula
stage (stage 10.25). Immunoprecipitation was performed for the
myc-tag and quantitative PCR (QPCR) assessed recovery of the Gsc
promoter, using primers designed to amplify the 226 Gsc
promoter region. Sia and Twn occupy the Gsc promoter (Fig. 3A)
(Bae et al., 2011) and do not occupy genomic Xmlc2, demonstrat-
ing direct regulation of Gsc by Sia and Twn (Fig. 3A). Sia binds the
Gsc promoter with speciﬁcity, as a DNA-binding inactive form of
Sia (SiaQ191E) did not occupy the Gsc promoter (Fig. 3A) (Bae
et al., 2011).
Given the similar Wnt-dependent expression patterns of Gsc,
Cer, and Chd in the gastrula, it seems likely that Sia/Twn may also
directly regulate the transcription of Cer and Chd. For Cer,
functional Sia/Twn response elements have previously been
identiﬁed within the proximal promoter sequence (Yamamoto
et al., 2003), and primers were designed to amplify this region
from immunoprecipitated embryo extracts. For Chd, we sought toidentify such a Sia/Twn response element, and were successful in
identifying a Sia-responsive element within the Chd proximal
promoter (Fig. S2). Primers were designed to amplify the
Sia-responsive region of the Chd promoter, to quantify recovery
from ChIP extracts. Consistent with direct regulation of Cer and
Chd transcription, Sia and Twn occupy the Cer and Chd promoters
in the previously identiﬁed regions (Fig. 3B,C), while SiaQ191E
does not (Fig. 3B,C). We note that a wide dosage range of myc-Sia
or myc-Twn mRNA (1–150 pg) was initially tested, and occupancy
of both Sia and Twn at the Gsc, Cer, and Chd promoters was
observed at doses as low as 1 pg (data not shown), suggesting that
Sia/Twn occupancy at these promoters is quite robust. Taken
together, Sia/Twn likely mediate the transcriptional response of
multiple organizer genes to Wnt signals.
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on Nodal signaling (Agius et al., 2000; Engleka and Kessler, 2001),
and both the Gsc and Cer promoters contain deﬁned Nodal
response elements (Yamamoto et al., 2003). The Chd promoter
contains several putative FoxH1 binding sites (Fig. S2C), but a
deﬁned Nodal-response element has not yet been identiﬁed. ChIP
analyses were performed to determine whether Nodal effectors
occupy the Gsc, Cer and Chd promoters, using the same primers
previously described. Myc-FoxH1 occupied the Gsc, Cer and ChdFig. 4. Nodal pathway effectors occupy organizer gene promoters. (A), (C), (E) Genomic
(myc FoxH1þXnr1) were evaluated by QPCR for the (A) Gsc, (C) Cer, or (E) Chd promo
embryos (Control). The data presented represent three independent experiments. (B), (
embryos or embryos expressing Xnr1 mRNA (þXnr1) were evaluated by QPCR for the (B
serves as a negative control (IGG). The mean fold enrichment (normalized to uninject
The white bars represent QPCR for genomic Xmlc2 as a control. * Indicates p value o0promoters, both in the absence and presence of Xnr1 (Fig. 4A, C, E)
(Blythe et al., 2009). We note that FoxH1 occupancy at organizer
promoters was observed using expression of as little as 25 pg
myc-FoxH1 mRNA (data not shown). Using an antibody speciﬁc
for endogenous Smad2/3, we found that Smad2/3 occupied these
promoters at elevated levels in response to Xnr1 (Fig. 4B, D, F).
This suggests that the Wnt effectors Sia/Twn and the Nodal
effectors FoxH1/Smad2/3 occupy sites with close proximity in
organizer promoters, as the same primer sets were used toregions recovered by ChIP for myc-FoxH1, or myc-FoxH1 coexpressed with Xnr1
ters. Immunoprecipitation using anti-myc antibody was performed on uninjected
D), (F) Genomic regions recovered by ChIP for endogenous Smad2/3 in uninjected
) Gsc, (D) Cer, or (F) Chd promoters. Rabbit IGG added to uninjected embryo extract
ed samples) and standard error for three independent experiments is presented.
.05 as compared to uninjected embryos.
Fig. 5. Siamois/Twin occupancy at organizer promoters is enhanced by Nodal
signaling. Genomic regions recovered by ChIP for 10 pg myc-Sia, 10 pg myc-Sia
and 50 pg Xnr1, 10 pg myc-Twn, or 10 pg myc-Twn and 50 pg Xnr1 were
evaluated by QPCR for the (A) Gsc, (B) Cer or (C) Chd promoters. The white bars
represent QPCR for genomic EF1a as a control. The mean fold enrichment
(normalized to uninjected samples) and standard error for eight independent
experiments is presented.
C.D. Reid et al. / Developmental Biology 368 (2012) 231–241236amplify genomic regions recovered from both Sia/Twn and
FoxH1/Smad2/3 chromatin immunoprecipitations. The results
demonstrate that both Wnt and Nodal effectors are present at
the organizer gene promoters in the early gastrula, consistent
with direct regulation by Wnt and Nodal.
Taken together, these results demonstrate that the Gsc, Cer and
Chd promoters have a similar functional organization, with a Nodal
responsive element within the same region as the Sia/Twn response
element. The close proximity of the Nodal and Wnt response
elements in each promoter (Fig. 1 and Fig. S2) (Watabe et al., 1995;
Yamamoto et al., 2003), and the location of the response elements
within 250 bp of the start site of transcription (this study; (Watabe
et al., 1995; Yamamoto et al., 2003) strongly argue for functional
conservation of organizer gene promoters in mediating the response
to Wnt and Nodal. Furthermore, the presence of both Wnt and Nodal
effectors in close proximity at these promoters suggests potential
physical and functional interactions that mediate the synergistic
response to combined Wnt and Nodal inputs.
Wnt and Nodal effectors interact at organizer promoters
The synergistic transcriptional response to Nodal and Wnt
may reﬂect the formation of a transcriptional complex that
enhances effector occupancy and/or activity. To assess the possi-
ble interactions of Nodal and Wnt effectors, we examined occu-
pancy of Sia or Twn in response to Nodal signals. Sia and Twn
occupancy at the Gsc, Cer and Chd promoters is signiﬁcantly
enhanced (2–4-fold) with addition of Xnr1 (Fig. 5). We note that
the inﬂuence of Nodal signaling on Sia and Twn occupancy was
examined at increasing doses of Sia and Twn (1–50 pg). At lower
expression levels of Sia or Twn (1–25 pg), enhanced occupancy is
observed in response to Xnr1 (Fig. 5 and data not shown), while at
higher expression levels of Sia and Twn (50 pg; Figs. 1–3) the
already strong occupancy was not enhanced. To determine if
Nodal signaling is required for Sia/Twn occupancy at organizer
promoters, myc-Sia or myc-Twn were coexpressed with Cer-
berus-short (Cer-S), an extracellular inhibitor of Nodal signaling
(Piccolo et al., 1999). Although embryos expressing Cer-S fail to
gastrulate, no change in occupancy was observed for either myc-
Sia or myc-Twn at the Gsc, Cer and Chd promoters in the presence
of Cer-S, suggesting that Nodal signaling is not required for Sia/
Twn occupancy at organizer genes (data not shown). Rather, we
hypothesize that Sia/Twn occupancy is enhanced with active
Nodal signaling, resulting in enhanced transcriptional output
when both Wnt and Nodal pathway effectors are bound to target
gene promoters.
To determine whether Sia/Twn inﬂuence the occupancy of the
Nodal effectors FoxH1 or Smad2/3 at organizer promoters, chromatin
immunoprecipitation for Smad2/3 or FoxH1 was examined in
response to Sia or Twn in the presence or absence of Xnr1 (Fig. 6).
Smad2/3 occupied the Gsc, Cer, and Chd promoters in control
embryos, and occupancy was not increased in response to Sia or
Twn alone (Fig. 6). As previously demonstrated in Fig. 4, Smad2/3
occupancy at organizer promoters was increased in response to Xnr1
expression (Fig. 6). However, Smad2/3 occupancy was further
increased (2–3-fold) at each promoter when Sia or Twn was coex-
pressed with Xnr1 (Fig. 6). FoxH1 occupancy at the organizer
promoters was not increased in response to Sia or Twn (data not
shown). We note that the increase in Smad2/3 occupancy is observed
at doses of SiaþXnr1 or TwnþXnr1 (50 pg each) that result in
synergistic activation of the Gsc luciferase reporter (Fig. 1). Taken
together, the results indicate that Smad2/3 interacts with Sia and
Twn at organizer promoters, and this interaction results in enhance-
ment of occupancy of Sia, Twn and Smad2/3. This enhanced
occupancy likely reﬂects the formation of a stable transcriptional
complex containing both Wnt and Nodal effectors, as well as otherco-regulatory proteins. Assembly of such a complex at organizer
promoters may account for the synergistic activation of transcription
in response to Wnt and Nodal signals.
Wnt and Nodal effectors recruit p300 to organizer gene promoters
The transcription complex that forms at organizer gene pro-
moters may include common coactivators recruited in response
Fig. 6. Smad2/3 occupancy at organizer promoters is enhanced by Siamois/Twn
and Nodal. Genomic regions recovered from ChIP for endogenous Smad2/3 in
uninjected embryos (Control), or embryos expressing 50 pg Sia, 50 pg Twn or
50 pg Xnr1, or combinations of 50 pg Sia and 50 pg Xnr1 or 50 pg Twn and 50 pg
Xnr1 were evaluated by QPCR for the (A) Gsc, (B) Cer, or (C) Chd promoters.
The white bars represent QPCR for genomic Xmlc2 as a control. Smad2/3
association with the promoters is signiﬁcantly enhanced (*p value o0.05) in the
presence of Xnr1 as compared to uninjected embryos. Smad2/3 association with
the promoters is further enhanced (*p value o0.05) in the presence of Sia and
Xnr1 or Twn and Xnr1 as compared to Sia, Twn, or Xnr1 alone. The mean fold
enrichment (normalized to uninjected samples) and standard error for six
independent experiments is presented.
C.D. Reid et al. / Developmental Biology 368 (2012) 231–241 237to both Wnt and Nodal signals. The histone acetyltransferase,
p300, is a widely employed coactivator recruited to target gene
promoters by many transcriptional regulatory proteins, where it
modiﬁes chromatin, promoter-speciﬁc factors, or both, to activetranscription (reviewed in Bedford et al., 2010). In the Xenopus
gastrula, interference with p300 function using adenoviral E1A
inhibited Gsc and Chd expression (Kato et al., 1999). Consistent
with a role in organizer gene expression, p300 binds to and
acetylates Smad2/3 and results in enhanced transcription in
response to Nodal (Inoue et al., 2007; Ross et al., 2006; Tu and
Luo, 2007). To verify a functional interaction between Sia/Twn,
Nodal and p300, we examined the requirement for p300 activity
in Sia/Twn or Nodal-mediated activation of the Gsc reporter.
While Xnr1, Sia or Twn strongly activated the Gsc promoter
(7–17-fold activation), co-expression of E1A, an inhibitor of
p300 function, strongly inhibited that response (2-fold activa-
tion), while E1AD2-36, which lacks the p300 interaction domain,
did not decrease transcriptional activity (Fig. 7A–C) (Frisch and
Mymryk, 2002). Consistent with a role for p300 in the synergistic
activation of Gsc, preliminary results suggest that inhibition of
p300 activity by E1A also inhibited the synergy observed with
coexpression of Sia and Xnr1 (data not shown). These results
demonstrate that p300 is a required co-regulator in the transcrip-
tional activation of Gsc by Nodal and Sia/Twn.
The requirement for p300 in transcriptional activation of the Gsc
promoter suggests that p300 is recruited to organizer promoters by
Wnt and Nodal effectors. To examine p300 occupancy at organizer
promoters, a myc-tagged form of Xenopus p300 was expressed alone
or in combination with Sia, Twn or Xnr1. While p300 alone had low
occupancy at the Gsc, Cer and Chd promoters, occupancy was
signiﬁcantly increased (2–4-fold) in the presence of Sia, Twn or
Xnr1 (Fig. 7D–F). The activation domains of Sia and Twn are within
the N-terminal regions of the proteins (data not shown). When Sia or
Twn lacking the activation domain are coexpressed with p300, we
observe very little p300 occupancy at the Gsc, Cer and Chd promoters
(Fig. S3), suggesting that the Sia/Twn activation domain plays an
essential role in p300 occupancy at organizer promoters. Therefore,
both Wnt and Nodal pathway effectors mediate recruitment of p300
to organizer gene promoters. The recruitment of a common coacti-
vator by both Wnt and Nodal effectors may contribute to the
synergistic activation of organizer genes in response to Wnt and
Nodal signaling inputs.Discussion
Formation of the Spemann organizer is dependent on both Wnt
and Nodal signals, which are active in the presumptive organizer
domain in the blastula prior to the onset of organizer gene transcrip-
tion (reviewed in De Robertis et al., 2000). Cells within this domain
receive both Wnt and Nodal signals, and integrate these inputs to
generate temporally and spatially speciﬁc transcriptional responses.
In the work presented here, we demonstrate that the Wnt and Nodal
signaling inputs are received directly at multiple organizer gene
promoters, and the physical and functional interactions among the
pathway effectors result in strong transcriptional activation of orga-
nizer genes. Transcriptional integration is accomplished by the
assembly of a stable activating complex, containing Sia, Twn, FoxH1,
Smad2/3, p300 and other components, at the promoters of Gsc, Cer,
Chd, and likely additional organizer genes. We propose that in the late
blastula, cells receiving both Wnt and Nodal inputs integrate these
signals at the level of organizer gene promoters, establishing a
discrete transcriptional domain that results in the formation of the
Spemann organizer.
Functional conservation of Wnt and Nodal response elements in
organizer promoters
The Wnt and Nodal pathways cooperate to activate transcrip-
tion of the organizer genes Gsc, Cer, and Chd utilizing adjacent
Fig. 7. Recruitment of p300 to organizer gene promoters by Wnt and Nodal pathway effectors. (A)–(C) At the one-cell stage the animal pole was injected with Xnr1 (A), Sia
(B) or Twn (C), either alone or together with full length E1A or E1AD2-36 as a negative control. Two-cell embryos were injected with the Gsc reporter (100 pg) and CMV-
Renilla Luciferase (10 pg) plasmids. Animal explants prepared at the blastula stage were assayed for luciferase activity at the midgastrula stage. Values shown are
normalized to Renilla luciferase activity, and represent fold activation of reporter activity in the absence of injected mRNAs. The mean and standard error for three
independent experiments are presented. nIndicates p value o0.05 as compared to Xnr1, Sia or Twn activation of Gsc reporter. (D)–(F) Genomic regions recovered by ChIP
for myc-p300 (4 ng plasmid injected) either alone or coexpressed with 150 pg GST-Sia or 150 pg GST-Twn or 50 pg Xnr1 were evaluated by QPCR for the (D) Gsc, (E) Cer, or
(F) Chd promoters. The white bars represent QPCR for genomic Xmlc2 as a control. The mean fold enrichment (normalized to uninjected samples) and standard error for six
independent experiments is presented.nIndicates po0.05 when compared to myc-p300 alone.
C.D. Reid et al. / Developmental Biology 368 (2012) 231–241238Wnt and Nodal responsive cis-regulatory elements present in the
proximal promoters close to the start site of transcription (this
study; Watabe et al., 1995; Yamamoto et al., 2003). Functional
conservation of these promoters is apparent in the sequence of
the response elements, the proximity of the two elements, and
their distance from the start site of transcription. The Sia/Twn
response is mediated by deﬁned P3 elements present in each of
the promoters (this study; Bae et al., 2011; Laurent et al., 1997;
Watabe et al., 1995; Yamamoto et al., 2003). Elements mediating
the FoxH1-dependent response to Nodal signals have been
identiﬁed in close proximity to the Sia/Twn elements of each
promoter, but are less conserved in sequence (Fig. S2; Labbe et al.,
1998; Zhou et al., 1998). For Gsc, Cer and Chd, the two response
elements are in close proximity and are separated by no more
than 43 bp (Fig. S2C; Watabe et al., 1995; Yamamoto et al., 2003).
And in each case, the pair of response elements has a strikingly
similar location within 250 bp of the start site of transcription
(226 for Gsc, 216 for Cer, and 211 for Chd) (this study;
Watabe et al., 1995; Yamamoto et al., 2003). These similar
features of three organizer gene promoters argue for functional
conservation in mediating the transcriptional response to Wnt
and Nodal signaling inputs.
Wnt and Nodal effectors synergistically activate organizer gene
transcription
At enhancer regions, multiple bound transcription factors may
interact to synergistically activate a strong transcriptional output.
A number of mechanisms may account for synergy, including
cooperative binding to regulatory elements, cooperative recruit-
ment of coactivators, as well as alterations in DNA conformation
or nucleosome deposition (reviewed in Levine, 2010). The synergyin activation of Gsc, Cer, and Chd may reﬂect one or several of
these mechanisms. While it remains unclear whether cooperative
binding is occurring among the Wnt and Nodal effectors, our data
clearly demonstrate that the steady state binding of transcrip-
tional effectors is increased when both Wnt and Nodal pathway
effectors occupy these promoters (Figs. 5 and 6). This suggests
that the presence of Sia/Twn with FoxH1 and Smad2/3 at
organizer gene promoters facilitates enhanced occupancy, which
is suggestive of cooperative binding.
The common coactivator and lysine acetyltransferase, p300, is
recruited to organizer gene promoters in response to both the
Wnt and Nodal pathways (Fig. 7D–F). The role that p300 plays in
the synergistic transcription of organizer genes in response to
Wnt and Nodal is not yet understood. Overexpression of p300
alone has no apparent phenotype (data not shown), suggesting
that increasing p300 levels does not alter expression of target
genes. Our results demonstrate a requirement for p300 activity in
the expression of a Gsc reporter, as well as increased occupancy of
p300 at organizer promoters in the presence of Sia/Twn or Nodal
signals (Fig. 7). However, we do not observe further enhancement
of p300 occupancy in response to the combination of Wnt and
Nodal (data not shown). Perhaps p300 provides a permissive
function for transcription, while other recruited coactivators
provide an activating function (reviewed in Bedford et al.,
2010). Similarly, p300 could be acting as a scaffolding protein,
either stabilizing a transcriptional complex of both Wnt and
Nodal effectors, or allowing effectors to interact with other
coactivators and/or the basal transcriptional machinery (reviewed
in Bedford et al., 2010). p300 has also been shown to acetylate
transcription factors and histones (reviewed in Bedford et al.,
2010). The combined effects of Wnt and Nodal inputs could
enhance p300 enzymatic activity, resulting in more extensive
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transcription. In the context of organizer gene expression,
changes in histone H3K9/14 or H4K5/8/12/16 acetylation have
not been observed in response to Wnt or Nodal signals (data not
shown). However, p300 is also known to modify other lysine
residues in histone tails, such as H3K18/27 (Jin et al., 2011), as
well as transcription factors (reviewed in Bedford et al., 2010).
Activated Smad2/3 is acetylated by p300, which increases tran-
scriptional activity (Inoue et al., 2007; Ross et al., 2006; Tu and
Luo, 2007). Preliminary results indicate that Sia is acetylated (data
not shown), however, it is unclear what role acetylation might
play in Sia-dependent transcription, or whether other Nodal or
Wnt effectors might be acetylated in a signal-dependent manner.
It is difﬁcult to relate our experimental induction of organizer
gene expression with combinations of Sia/Twn and Nodal to the
natural activation of these genes in the intact embryo. We
hypothesize that the temporal and spatial restriction of organizer
gene expression is due, at least in part, to the presence of Sia, Twn
and Nodal effectors in the cells of the organizer. However, the
increase in organizer gene expression observed in response to
SiaþXnr1 or TwnþXnr1 is much greater than the endogenous
expression levels of Gsc, Chd or Cer in the whole embryo (Fig. 2).
Similarly, expression of the Gsc-luciferase reporter in dorsal
blastomeres results in an approximately 10-fold increase in
luciferase activity (data not shown), which is much lower than
the nearly 36–48-fold induction observed in response to
SiaþXnr1 or TwnþXnr1. We hypothesize that an increase in
ectopic axis formation would be observed in response to low
doses of SiaþXnr1 or TwnþXnr1, but we were unable to obtain
consistent results. This issue might be more clearly addressed by
timed loss of function experiments to speciﬁcally inhibit Sia/Twn
or Nodal activity during organizer formation. It also seems likely
that a number of other transcription factors, such as speciﬁc
repressors of organizer gene expression may be involved in the
formation of the organizer domain.
Conserved and non-conserved aspects of organizer gene regulation
In this work we deﬁne a molecular mechanism for the
transcriptional integration of Wnt and Nodal signals at organizer
gene promoters in the Xenopus gastrula. We further propose that
this mechanism is likely utilized in multiple vertebrate species to
establish the organizer transcriptional domain. Support for the
conservation of this mechanism across vertebrates comes from
regulatory similarities in organizer formation, organizer gene
expression and organizer gene promoter structure (reviewed in
De Robertis et al., 2000). Wnt and Nodal signals are essential for
organizer gene expression and organizer formation in Xenopus,
zebraﬁsh, chick and mouse (Boettger et al., 2001; Conlon et al.,
1994; De Robertis et al., 2000; Liu et al., 1999). The functional
organization of organizer gene promoters is also conserved to an
extent. Most strikingly in the case of Gsc, highly conserved DE and
PE elements are present in the Xenopus, zebraﬁsh, chick, mouse,
and human Gsc genes (Bae et al., 2011; Watabe et al., 1995). For
Cer, conserved response elements are present in Xenopus, zebra-
ﬁsh and mouse, but their organization differs among species
(Yamamoto et al., 2003). For Chd, the available genomic informa-
tion is insufﬁcient for a conclusive comparison. The effectors of
Nodal signaling, FoxH1 and Smad2/3, are also utilized in the
control of organizer gene transcription in these vertebrate sys-
tems (Boettger et al., 2001; Conlon et al., 1994; Hoodless et al.,
2001; Nomura and Li, 1998; Waldrip et al., 1998; Weinstein et al.,
1998; Zhou et al., 1993).
In contrast to these many conserved features of organizer gene
regulation, Sia and Twn are only found in amphibian species, and
not in other vertebrates. Given that Wnt inputs and the PEelement are conserved across species (Bae et al., 2011; De
Robertis et al., 2000; Heasman, 2006; Watabe et al., 1995), it is
likely that functional homologs of Sia/Twn, mediating the Wnt-
dependent transcriptional activation via the PE, exist in other
vertebrate species. Alternatively, Sia/Twn may serve a regulatory
function that is unique to organizer gene regulation in Xenopus; if
this is the case, conservation of the PE may reﬂect distinct
regulatory requirements among species. It should be noted that
Sia/Twn are not the only species-speciﬁc regulators of organizer
formation. In zebraﬁsh, the transcriptional repressor bozozok is a
direct target of the Wnt pathway, is expressed early in organizer
formation, and is essential for organizer gene expression and
organizer formation (Fekany et al., 1999; Koos and Ho, 1999;
Shimizu et al., 2000; Solnica-Krezel and Driever, 2001; Yamanaka
et al., 1998). However, as is the case for Sia/Twn, no vertebrate
orthologs of bozozok have been identiﬁed. Whether functional
homologs of Sia/Twn and bozozok exist in other species or
whether these factors carry out species-speciﬁc regulatory func-
tions remains to be seen. Given the dramatically different sizes
and developmental rates for vertebrate embryos, and the non-
autonomous function of the organizer, temporal and spatial
constraints for organizer formation may differ among species.
The non-conserved regulatory components found in Xenopus and
zebraﬁsh may be necessary for the unique regulatory demands of
organizer formation in distinct species.
A number of important aspects of organizer gene regulation
remain undeﬁned. The full composition and structure of the
activating protein complex, which forms at organizer gene pro-
moters, is yet to be deﬁned. How the Wnt and Nodal pathway
effectors interact physically, what modiﬁcations occur in response
to cofactor recruitment, and how together these result in
enhanced, yet spatially restricted transcriptional output, are
important mechanistic questions to pursue. Our results offer a
molecular mechanism for the initiation of organizer gene
expression in a spatially and temporally precise manner. How-
ever, organizer gene expression is a dynamic process with chan-
ging regulatory inputs as development proceeds. Within 60 min
of the initiation of organizer gene expression it is likely that
promoter occupancy and regulatory complex composition
changes dramatically as the initiation phase gives way to the
maintenance phase or cell lineage speciﬁcation. Whether the
mechanism we propose for the initiation of organizer gene
expression is broadly applicable to the many known organizer
genes, and across species as well, will require genome wide
analyses of effector occupancy, coregulator recruitment, and
chromatin modiﬁcation in several vertebrate species. Ongoing
studies such as these will provide profound mechanistic insight at
the interface of transcriptional control and embryonic pattern
formation.Conclusion
Cells within the organizer domain receive Wnt and Nodal
signals and integrate these signals to generate temporally and
spatially speciﬁc transcriptional responses. Wnt and Nodal inputs
are directly received at multiple organizer gene promoters, and
functional interactions among pathway effectors result in strong
transcriptional activation of organizer genes. Integration of these
signals is accomplished by assembly of an activating complex,
consisting of Sia, Twn, FoxH1, Smad2/3, and p300 at the Gsc, Cer,
and Chd promoters. In the late blastula, cells receiving both Wnt
and Nodal inputs integrate these signals at the level of organizer
gene promoters, thus establishing a temporally and spatially
distinct transcription domain, resulting in formation of the
Spemann organizer.
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